The immune consequences of in utero HIV exposure to uninfected children whose mothers were submitted to highly active antiretroviral therapy (HAART) during gestation are not well defined. We evaluated 45 HIV-exposed uninfected (ENI) neonates and 45 healthy unexposed control (CT) neonates. All HIV-infected mothers received HAART during pregnancy, and the viral load at delivery was <50 copies/mL for 56.8%. Twenty-three ENI neonates were further evaluated after 12 months and compared to 23 unexposed healthy age-matched infants. Immunophenotyping was performed by flow cytometry in cord and peripheral blood. Cord blood lymphocyte numbers did not differ between groups. However, ENI neonates had a lower percentage of naive T cells than CT neonates (CD4+, 76.6 vs 83.1%, P < 0.001; CD8+, 70.9 vs 79.6%, P = 0.003) and higher percentages of central memory T cells than CT neonates (CD4+, 13.9 vs 8.7%, P < 0.001; CD8+, 8.6 vs 4.8%, P = 0.001). CD38 mean fluorescence intensity of T cells was higher in ENI neonates (CD4+, 62.2 vs 52.1, P = 0.007; CD8+, 47.7 vs 35.3, P < 0.001). At 12 months, ENI infants still had higher mean fluorescence intensity of CD38 on T cells (CD4+, 34.2 vs 23.3, P < 0.001; CD8+, 26.8 vs 19.4, P = 0.035). Despite effective maternal virologic control at delivery, HIV-exposed uninfected children were born with lower levels of naive T cells. Immune activation was present at birth and remained until at least 12 months of age, suggesting that in utero exposure to HIV causes subtle immune abnormalities.
Introduction
Worldwide, women account for nearly half of the 40 million people living with HIV/AIDS (1), leading to an estimated two million infants exposed every year to human immunodeficiency virus type 1 (HIV-1) during pregnancy and delivery (2) .
The use of highly active antiretroviral therapy (HAART) in resource-rich countries has decreased the vertical transmission of HIV-1 to rates as low as 0.99% (3) . However, Immune activation in HIV-exposed uninfected infants www.bjournal.com.br being conceived and undergoing embryonic and fetal development in an environment modified by maternal HIV infection can have consequences that might go beyond HIV infection itself. A limited number of studies have addressed this issue (4, 5) , highlighting the state of immune activation (4, 6) in children born to HIV-infected mothers. However, in these studies, data were collected from children whose mothers had not necessarily received HAART, the currently accepted antenatal treatment for maternal HIV infection (3) .
In the present study, we evaluated several mononuclear cell parameters of HIV-1-exposed uninfected neonates (ENI) whose mothers were on triple therapy. Using flow cytometric analyses, we studied cord blood mononuclear cells, including B cells, natural killer (NK) cells, CD34+ progenitors, CD4+ and CD8+ T subsets, along with their subpopulations and activation markers, and compared them to those in cord blood from neonates born to non-HIV-infected healthy control mothers (CT). The same analysis was performed on a subgroup of the HIV-exposed uninfected neonates at 12 months of age and the results were compared to those of healthy non-HIV-exposed infants of the same age.
Our aim was to determine whether non-HIV-infected children born to HIV-infected women on HAART would show evidence of immune activation and whether that state would be demonstrable at 12 months after birth.
Subjects and Methods

Patients and study design
The protocol was approved by the Ethics Committee of the Federal University of São Paulo. All mothers gave written informed consent prior to enrollment in the study. Ninety neonates born in two Maternity Units of the Federal University of São Paulo were evaluated from March 2004 to October 2005. HIV-1-exposed neonates (ENI neonates, N = 45) were given formula and not breast-fed. They were followed-up regularly at the Pediatric AIDS Outpatient Clinic of the Federal University of São Paulo, Brazil. The children were considered to be HIV-exposed uninfected if they had two negative HIV-RNA detection tests, with the second performed when the infant was 4 months old. Forty-five healthy term neonates born to HIV-negative mothers were included in the HIV-negative control neonate group (CT neonates).
The information collected included maternal age at delivery, maternal antiretroviral treatment, maternal viral load during pregnancy and at delivery, type of delivery, neonate birth weight, and gestational age.
Twenty-three of the 45 HIV-1-exposed neonates were also evaluated at 12 months of age (ENI infants) and were compared to another 23 healthy non-HIV-exposed infants of the same age (CT infants). Children from the control infant group were not part of the control neonate group. These infants were recruited at an outpatient clinic in São Paulo where they were part of a routine follow-up program of healthy infants. They were born at term weighing more than 2500 g without previous history of serious disease. At assessment, they did not present any diseases and were not on any medications.
Neonate subset
Forty-five exposed neonates (one pair of twins) born to 44 HIV-infected women and 45 neonates born to 45 HIVnegative women were analyzed. All mother-infant pairs were selected in 2 Maternity Units linked to the Federal University of São Paulo, and no socio-economical or racial differences were noted between groups. Mean age of the HIV-infected mothers was 4.4 years greater than the control group (HIV: 29.6 years vs CT: 25.2 years, P = 0.001, t-test). All 44 HIV-infected women received highly active antiretroviral prophylaxis during gestation, which consisted of two nucleoside reverse transcriptase inhibitors (NRTI) and one protease inhibitor in 29/44 (65.9%) of the women and of two NRTI and one non-nucleoside reverse transcriptase inhibitor (NNRTI) in 15/44 (34.1%) of the women. Fifteen of the 44 HIV-infected women (34.1%) received some antiretroviral treatment before pregnancy, which was modified in order to reduce viral load in some of them or to avoid toxic drugs, e.g., efavirenz. Twenty-eight of the 44 (63.6%) women reached HIV viral load levels below 400 copies/mL and maintained those levels for 10.7 weeks (mean) during gestation. Viral load at delivery was below 50 copies/mL in 25 of 44 women (56.8%). Mean viral load in the other 19 HIV-infected women was 1569.4 copies/ mL. Elective caesarean section was performed in 37 of the 44 HIV-1-positive women and in 3 of the 45 HIV-seronegative women (P < 0.001, chi-square test).
None of the mothers from the control group presented any infection during pregnancy that could be transmitted vertically. A total of 5 HIV-infected mothers of the 44 (11.4%) had coinfections during pregnancy: 2 had serologic evidence of syphilis, 1 was hepatitis C (HCV) and human papillomavirus positive, 1 had genital herpes (HSV) and 1 had Pneumocystis jiroveci infection and toxoplasmosis. All mothers were treated during pregnancy for their coinfections. Also, neonates born to mothers with syphilis and toxoplasmosis were evaluated and treated after birth, without any signs or symptoms of congenital infections. Neither HCV nor HSV were transmitted to the children. One child born to an HIV-infected mother with an unevent-E. Ono et al.
www.bjournal.com.br ful pregnancy but detected viral load at delivery (log 3.8 log/mL) had early sepsis due to Streptococcus viridans, which resolved after treatment. As for drug addition, 4 of the 44 (10%) HIV-infected mothers reported use of cocaine or crack. None of the control mothers reported use of illicit drugs.
Mean birth weight and mean gestational age were lower in exposed neonates in comparison to the control ones (2874.8 vs 3358.1 g and 37.7 vs 39.6 weeks, respectively; P < 0.001 for both analyses, t-test). The characteristics of study subjects are summarized in Table 1 .
Infant subset
Twenty-three exposed uninfected infants born to 22 HIV-infected women and 23 matched control infants were analyzed. Demographic and clinical characteristics were not different between the groups with respect to age (mean: 12.3 vs 12.4 months; t-test) and gender (65.2% females among HIV-exposed vs 52.2% females among control infants; chi-square test).
Blood collection and complete blood count
Cord blood (10 mL) was collected from the umbilical vein. Twelve-month-old infants had a 5-mL blood sample collected by peripheral vein access. The blood samples were put into EDTA-treated vacuum tubes for complete blood count, phenotypic analysis of peripheral blood mononuclear cell subsets using flow cytometric assays and plasma IL-7 levels. All samples were tested using Advia 120 automatic counter (Bayer, Ireland) and confirmed by a slide smear performed for manual count.
Flow cytometry analyses
Peripheral blood mononuclear cells were assessed by 4-color flow cytometry (FACSCalibur, BD Biosciences, USA) after cell staining using lyse-wash protocol and analyzed using the CellQuest software (BD Biosciences). Isotypic controls (IgG1-FITC, IgG1-PE, IgG1-APC, IgG2a-PE, all from BD Biosciences) were used to evaluate nonspecific staining. The number of cells per cubic milliliter of blood was obtained using the lymphocyte counts from the complete blood count.
Cell subsets
CD4+ and CD8+ T lymphocytes. The markers used to assess the subpopulation within the CD4+ (CD3-APC and CD4-PerCP labeled) and CD8+ (CD3+ and CD8-PerCP labeled) populations were CD45RA-FITC and CCR7-PE (BD Biosciences). In both CD4+ and CD8+ populations, the naive cells were CD45RA+CCR7+. The "central memory" cells were CD45RA-CCR7+ and the "effector memory" cells were CD45RA-CCR7-. The "terminally differentiated memory" cells, more abundantly seen among CD8+ cells than in the CD4+ cohort, were CD45RA+CCR7- (7, 8) .
CD4+ and CD8+ T lymphocyte activation. Lymphocyte activation was evaluated by the expression of CD38 on CD4+ and on CD8+ T cells using two different approaches: the mean fluorescence intensity of single parameter histograms representing each population and the percentage of positive cells assessed with the use of isotype controls.
B lymphocytes and NK cells. B lymphocytes were identified as CD3-CD19+ cells. NK cells were quantified by the CD45+CD3-CD56+CD16+ phenotype. 
Measurement of plasma IL-7
IL-7 was measured in plasma samples from 21 exposed uninfected neonates, 20 control neonates, 19 children from the exposed infant group, and 20 healthy children from the control infant group. The test was performed using a high-sensitivity enzyme-linked immunosorbent assay kit (Quantikine HS human IL-7; R&D, USA) according to manufacturer instructions. The minimum detectable concentration of IL-7 using this kit is typically 0.1 pg/mL.
Statistical analysis
Group characteristics at study entry were compared using the t-test or chi-square test. For peripheral blood leukocytes and phenotype analyses, the t-test was performed. Logarithmic transformation was done when necessary in order to normalize the distribution. Level of significance was set at P < 0.05.
Results
Neonate subset
Peripheral blood leukocytes. Exposed uninfected neonates had higher lymphocyte and basophil counts than control neonates but lower hemoglobin concentration, neutrophil and monocyte counts. Mean white blood cells, platelets and eosinophils were similar in the two groups ( Table 2) .
CD3+, CD4+ and CD8+ total T cells, B cells, NK cells and CD45+CD34+ progenitors. No differences were observed between the groups when absolute numbers of CD3+, CD4+, and CD8+ T cells, B cells, NK cells and CD45+CD34+ cells were analyzed in neonates (Table 3) .
CD4+ and CD8+ T cell subsets. Exposed uninfected neonates showed higher mean percentages of central memory CD4+ T ( Figure 1A ) and central memory CD8+ T cells ( Figure 1B) , with lower mean percentages of naive CD4+ T cells ( Figure 1A ) and naive CD8+ T cells ( Figure  1B ). 3 ) 6216 (1350-23,250) 4700 (1900-12,900)* 6900 (3700-16,000) 5500 (3400-8900)* Data are reported as mean and range. *P < 0.05 and **P < 0.01 compared to ENI neonates (t-test). Table 3 . Table 3 . Table 3 . Table 3 . Table 3 . CD3+, CD4+ and CD8+ total T cells, B cells, natural killer (NK) cells and CD45+CD34+ progenitors in HIV-exposed uninfected (ENI) and in control healthy (CT) neonates at birth (cord blood) and in infants at 12 months of age. Expression of activation markers on CD4+ and CD8+ T cells. CD38 expression was statistically higher in the exposed uninfected neonates compared with the controls (Figure 2A ).
CD38 expression evaluated as the percentage of CD38-positive cells showed similar results for cord CD8+ T cells (ENI, 92.1 vs CT, 88.2%, P = 0.048, t-test) but the difference was not statistically significant for cord CD4+ T cells (ENI, 95.8 vs CT, 93.6%, P = 0.129, t-test).
Plasma IL-7 in neonates. Plasma IL-7 concentrations were similar in HIV-exposed neonates and healthy neonates (4.2 vs 4.5 pg/mL).
Infant subset
Peripheral blood leukocytes. Mean white blood cells, lymphocytes and basophils were higher in the HIV-exposed uninfected infants than in the controls. Mean hemoglobin level, number of platelets, neutrophils, monocytes, and eosinophils were not different in the two groups of children (Table 2) .
CD3+, CD4+ and CD8+ total T cells, B cells, NK cells and CD45+CD34+ progenitors. Mean NK cell values were higher in exposed uninfected infants than in controls. No statistical differences were observed between the groups when absolute numbers of CD3+, CD4+, and CD8+ T Figure 1 . Figure 1 . Figure 1 . Figure 1 . Figure 1 . CD4+ and CD8+ T cell subsets using CD45RA and CCR7 markers in HIV-exposed uninfected (ENI) and in control healthy (CT) neonates at birth (cord blood) and in infants at 12 months of age. A, CD4+ T cell subset in 45 HIV-exposed uninfected neonates and in 45 control healthy neonates. B, CD8+ T cell subset in 45 HIV-exposed uninfected neonates and in 45 control healthy neonates. C, CD4+ T cell subset at 12 months of age in 23 HIV-exposed uninfected infants and in 23 control healthy infants. D, CD8+ T cell subset at 12 months of age in 23 HIV-exposed uninfected infants and in 23 control healthy infants. Horizontal lines in box plots indicate the 25th, 50th, and 75th percentiles; top and bottom vertical lines mark extreme values and, when present, the small circles represent outlying values. The t-test was used for statistical analysis.
Immune activation in HIV-exposed uninfected infants www.bjournal.com.br cells, B cells and CD45+CD34+ progenitors were analyzed (Table 3) . However, mean CD3+ T cells (3965.5 vs 3343.5 cells/mm 3 , P = 0.080, t-test) and CD4+ T cells (2481.0 vs 1974.5 cells/mm 3 , P = 0.072, t-test) showed a trend to higher numbers in exposed infants. By contrast, CD45+CD34+ progenitors showed an opposite trend, with higher values in control infants (18.8 vs 29.6 cells/mm 3 , P = 0.061, t-test).
CD4+ and CD8+ T cell subsets. Exposed uninfected infants showed significantly higher mean percentages of naive CD4+ T cells, with lower mean percentages of terminally differentiated CD4+ T cells ( Figure 1C) . Mean percentages of naive CD8+ T cells were also higher in the exposed uninfected infants with lower mean percentages of terminally differentiated CD8+ T cells ( Figure 1D ). The percentages of central and effector memory cells were similar between both groups for both CD4+ T cells ( Figure  1C ) and CD8+ T cells ( Figure 1D) .
Expression of activation markers on CD4+ and CD8+ T cells. CD38 expression was significantly higher on CD4+ T cells from exposed uninfected infants compared to the controls. CD38 expression on CD8+ T cells was also higher in exposed uninfected children than in the controls ( Figure 2B) . Similar to that which was observed for cord blood, peripheral CD38+CD4+ T cells (ENI, 83.4 vs CT, 74.3%, P = 0.004, t-test) and CD38+CD8+ T cells (ENI, 83.4 vs CT, 63.2%, P = 0.010, t-test) were more prevalent in ENI children at 12 months of age when compared to CT infants.
Plasma IL-7 in children at 12 months of age. Plasma IL-7 concentrations were significantly lower in the HIV-exposed children at 12 months of age compared to the control infants at 12 months of age (5.2 vs 6.8 pg/mL, P = 0.012, t-test).
Discussion
In 2000, Clerici et al. (4) described an increased expression of immune activation markers in 20 HIV-exposed uninfected infants compared with 14 healthy HIV-nonexposed infants. They suggested that those findings could be explained by the exposure to HIV in utero.
In the present study, analyzing a population more than twice as large as Clerici's, we looked for similar immune parameter changes in ENI born to HIV-infected mothers treated with state-of-the-art interventions to prevent motherto-child transmission of HIV. Our results demonstrate that, despite adequate prophylaxis, these neonates still presented a different immunologic profile of CD4+ and CD8+ T cells when compared to neonates born to HIV-uninfected mothers, with a shift from naive to memory/effector phenotypes and higher activation by CD38 expression. At 12 months of age, HIV-1-exposed infants maintained an upregulation of CD38.
In HIV-exposed uninfected neonates, lower birth weight and smaller gestational age could be related to the higher rates of elective cesarean section in this group (9, 10) . However, anti-retroviral drugs prescribed to the mothers might have also contributed. The same observations have been reported by Briand et al. (11) .
HIV-exposed uninfected children had lower hemoglobin levels, less neutrophils and monocytes, and higher basophils and lymphocytes at birth. Lower hemoglobin levels and neutropenia (12, 13) have been shown previously in infants exposed in utero to antiretroviral drugs. In a recent publication, different antiretroviral schemes led to diverse toxic effects (14) . In our study, hemoglobin levels Figure 2 . Mean fluorescence intensity of CD38+ in CD4+ and CD8+ T cells in HIV-exposed uninfected (ENI) and in control healthy children (CT) at birth (cord blood) and at 12 months of age. A, CD4+ and CD8+ T cells in HIV-exposed ENI and in CT neonates. B, CD4+ and CD8+ T cells at 12 months of age in HIVexposed ENI and in CT infants. The box plot is described in the legend to Figure 1 . The t-test was used for statistical analysis. www.bjournal.com.br and neutrophils were similar in the groups at 12 months.
Basophils were higher in HIV-exposed neonates, which persisted until 12 months of age in our group. ZaccarelliFilho et al. (15) have also reported high basophil numbers in HIV-infected children. These cells are known to be elevated in conditions associated with Th2 responses (16) . In fact, it has been suggested that HIV infection could drive the immune system to a humoral response (16, 17) . In the same way, HIV-exposed neonates and infants might manifest a Th2 response.
The presence of a low percentage of naive T cells and a high percentage of central memory T cells, with a high CD38 expression, suggests that there may have been exposure of the fetal immune system to HIV antigens in utero. Despite the low or even undetectable viral load levels observed in HIV-1-infected mothers at delivery, these infants may have been previously exposed to the virus during their fetal life, resulting in premature activation and differentiation of T cells.
In fact, only 63.6% of HIV-infected women in our study attained and maintained a viral load below 400 copies/mL during gestation. Of those who reached low HIV viral load levels, the mean period was for 10.7 weeks, which unquestionably contributed to the lack of in utero HIV infection. However, low viral load levels during the last 10 weeks of pregnancy might have not been enough to avoid antigenic exposure and its immunologic consequences.
Previous studies by our group and others in perinatal HIV-exposed infants have reported evidence of HIV-specific immune response (4, (18) (19) (20) (21) (22) (23) (24) (25) . HIV-specific immune response has also been observed in exposed noninfected adults (26) (27) (28) (29) .
Interestingly, Schenal et al. (30) showed that whereas HIV-exposed uninfected adults had high central memory HIV-specific cells, HIV-infected patients had higher levels of the HIV-specific effector memory subset. A predominance of central memory over effector memory percentages was observed for total T cells in our study. Schenal et al. concluded that the same immunologic stimuli/signals that lead to prolonged immune activation in HIV-seropositive patients also occurred in exposed uninfected individuals. However, low viral load exposure could lead to higher central memory percentages.
In the present study, despite only being exposed to HIV up to delivery, infants still maintained upregulated immune activation markers at 12 months of age, along with high numbers of NK cells. NK cells are members of the innate immune system and increased interferon-γ production by these cells has been found in HIV-exposed uninfected adults (31) . On the other hand, low NK cell numbers have been linked to progression to HIV disease (32, 33) . Therefore, it is possible that NK cells might have had a protective role in avoiding infection in HIV-1-exposed infants.
In contrast to Clerici et al. (4), we did not find high IL-7 plasma levels in HIV-exposed neonates. Moreover, the fact that those children at 12 months of age had a tendency to present higher CD4+ T cells might have contributed to lower IL-7 plasma levels at that age in comparison to non-HIV-exposed controls.
HIV-1-exposed infants still had different immunologic parameters at 12 months of age, although higher naive CD4+ and CD8+ T cells were an unexpected finding. In the same way that HIV-infected children who respond to HAART increase the naive subset of T cells (34) (35) (36) , it is possible that no further HIV exposure after birth might lead to reduction in the proportion of central memory CD4+ and CD8+ T cells and, as a consequence, an increase in naive T cells in children born to HIV-1-infected mothers. However, it is not possible to clearly ascertain whether some abnormalities have resulted from the antiretroviral drug exposure during pregnancy. Moreover, another possibility that might be considered is the altered maternal immune environment, which, per se, could have contributed to the findings.
In conclusion, we have shown that HIV-exposed uninfected children present many differences in cellular immune parameters at birth that persist at least for one year. Among those, a state of immune activation is probably the most striking and might have consequences not always immediately identified, but may result in distinct immune responses, including those to vaccine antigens previously reported by our group (37) and by others (6), with a higher humoral immune response to rubella (37) and lower cellular response to BCG (6) . Some have even linked the state of immune activation, even more so than the viral load, to the destruction of CD4+ T cells and progression to AIDS in children (38) and adults (39) . Further studies must address whether these findings could have an impact on the cellular immune responses to self and foreign antigens and result in clinical consequences to children born to HIV-1-infected mothers.
